Rationale: Regional hypoventilation in bronchoconstricted patients with asthma is spatially associated with reduced perfusion, which is proposed to result from hypoxic pulmonary vasoconstriction (HPV).
Bronchoconstriction in asthma causes severe regional hypoventilation (1) (2) (3) (4) (5) , which can spatially coincide with regional reductions in perfusion (2, 6, 7) . On the basis of whole-lung V : =Q : studies in subjects with asthma (8) (9) (10) , reduced perfusion within hypoventilating regions is hypothesized to be driven by hypoxic pulmonary vasoconstriction (HPV) (6) ; however, no direct evidence of this mechanism currently exists. Furthermore, it is unclear to what degree other factors, such as the hypoventilating region size, regional lung inflation, and vertical gradient, may influence the redistribution of pulmonary perfusion and HPV (11, 12) . Understanding the role of HPV in asthma is essential to recognizing how bronchoconstriction leads to perfusion redistribution and systemic hypoxemia.
HPV is an active mechanism in which alveolar hypoxia causes local pulmonary vasoconstriction, thereby reducing local perfusion and redirecting perfusion toward normoxic lung regions (13) . HPV thus improves V : =Q : matching and reduces hypoxemia (14, 15) . However, on the basis of animal studies, it is known that as the fraction of lung that is hypoxic exceeds 0.4, the extent of perfusion distribution relative to hypoxia decreases. This limit to the effect of HPV occurs because of increased pulmonary arterial pressure (11, 12, 16) , which counteracts the vasoconstriction. Specifically, as the fraction of lung that is vasoconstricted increases, the pulmonary arterial pressure also rises in response to the elevated pulmonary vascular resistance. The elevated pulmonary arterial pressure may partially overcome the increased local resistance generated by HPV, and therefore the extent of perfusion redistribution may be less. However, these animal studies (11, 12, 16) have limited applicability to human asthma because the experimentally generated hypoventilating regions had homogeneously reduced ventilation and were both large (lung or lobe sized) and contiguous (11, 12) . These are not features common to hypoventilating regions in adults with asthma (17) (18) (19) , in whom hypoventilating regions have heterogeneous ventilation, are smaller than lobes, and are diffusely located (17, (20) (21) (22) .
There are also passive mechanisms that may impact perfusion redistribution in asthma. Regional hypoventilation itself may act to reduce regional perfusion by increasing alveolar pressure (regional hyperinflation) (23, 24) above the vascular luminal pressure, thereby causing direct mechanical compression of the regional pulmonary vasculature, reducing local perfusion (i.e., West's zone 1) (6, 25) . This mechanism highlights the potential for factors other than HPV to influence the alveolar/vascular pressure. Additionally, hydrostatic pressure due to gravity, along with anatomic differences in vessel conductance (26) , result in a vertical gradient in perfusion (25, (27) (28) (29) (30) (31) , which may mean that HPV is also influenced by the vertical gradient. For example, regions with greater hydrostatic pressure (dependent lung) may experience less change in perfusion with the same increase in resistance from HPV.
We aimed to determine the role of HPV in the regional redistribution of perfusion in bronchoconstricted subjects with asthma and to assess whether the size of the hypoventilating region, the presence of regional hyperinflation, or the vertical gradient modulates any HPV-driven perfusion redistribution. We hypothesized that HPV would be the dominant cause of regional perfusion redistribution after bronchoconstriction in subjects with asthma. Furthermore, we hypothesized that larger hypoventilating regions would exhibit less perfusion redistribution than smaller regions and that the dependent lung would have a lesser degree of perfusion redistribution than the nondependent lung. Some of the results of these studies were previously reported in the form of abstracts (32, 33) .
Methods
Eight subjects with asthma completed the study (Institutional Review Board 2007P002386). The screening visit included spirometry (seated) and a methacholine challenge test (34) to assess airway hyperresponsiveness (provocative concentration of methacholine causing a 20% fall in FEV 1 [PC 20 ]). Two imaging visits were held (1 wk apart), one under normoxic conditions (room air) and one under hyperoxic conditions (80% oxygen [80% O 2 ]; balanced room air) with the order randomized. The imaging visit included supine spirometry, functional 13 NN-saline positron emission tomographic/ computed tomographic (PET-CT) lung imaging, supine methacholine administration to induce bronchoconstriction (five inspiratory capacity breaths at PC 20 ), repeat functional imaging, and repeat supine spirometry. Additional information on recruitment and enrollment is included in the online supplement.
NN-Saline PET-CT Functional Imaging
Perfusion and specific ventilation images at baseline and after bronchoconstriction were generated from the 13 NN-saline PET scan (35) . The degree of lung inflation was quantified as the gas fraction (Fgas), or the fraction of volume (voxel or region of interest) occupied by gas, as has been used by others (36) (37) (38) . Specifically, Hounsfield units (HU) as determined from the highresolution CT scans were converted to Fgas using Equation 1:
where the blood plus tissue density was defined as 65 HU and the air density was defined as 21,000 HU, as prescribed by the Apollo analysis software (VIDA Diagnostics, Coralville, IA). Figures 1A and 1B) . The resulting mean normalized images allow straightforward regional comparisons to be made between perfusion, specific ventilation, and Fgas images without concern for units. It follows that a regional mean normalized specific ventilation of 1.2 indicates that region to have 20% greater specific ventilation than the average of the lung. In the following sections, mean normalized specific ventilation, perfusion, and Fgas are referred to as relative specific ventilation, perfusion, and Fgas, respectively.
Functional Imaging Outcomes
To assess how methacholine and 80% O 2 altered the distribution of perfusion, we first separated the postmethacholine lung into two regions: lung with low specific ventilation (sV low ) and the remaining lung with high specific ventilation (sV high ). The sV low region was defined as the 25% of the lung volume with the lowest relative specific ventilation after methacholine. The sV high region was defined as the remaining 75% of the lung ( Figure 1C ). To ensure that the same regions of the lung were assessed under baseline and postmethacholine conditions, the sV low and sV high regions were mapped onto the baseline lung space using an isometric mapping algorithm (see Figure E1 in the online supplement). Quantitative analysis of the accuracy of the mapping algorithm was performed ( Figures E2 and E3) . At baseline and after methacholine under both room air and 80% O 2 conditions, the average relative specific ventilation, the relative perfusion, and the relative Fgas in the sV low and sV high regions were quantified. In all instances, the alveolar oxygen partial pressure (PA O 2 ) within the sV low and sV high regions was estimated (see online supplement).
By design, the sV low region is defined as a proportion of the lung and therefore will contain lung with varying degrees of hypoventilation after bronchoconstriction. We therefore also performed subregion analysis in the sV low region. Specifically, the sV low region was further subdivided into five regions of equal lung volume. The resulting sV low subregions represented 20th quantiles of ventilation (ventiles) within each region. Each subregion contains 5% of the total lung volume (see Figure 1B , inset) and represents approximately 2,000-2,500 voxels. In each of these subregions, the percentage change in relative specific ventilation, perfusion, and Fgas after bronchoconstriction was determined and compared under room air and 80% O 2 conditions. In addition, the percentage change in each variable was compared with the postmethacholine estimated PA O 2 under room air and 80% O 2 conditions. Regional hypoxia and hyperoxia were defined as regions with a PA O 2 less than 83 mm Hg (39) and PA O 2 greater than 150 mm Hg, respectively. The methods used to assess the impact of the vertical gradient and the size of the individual sV low regions on the perfusion redistribution are outlined in the online supplement.
The dispersion of the global V 
Statistical Analysis
The effect of methacholine and 80% O 2 on the functional imaging data was assessed with two-way repeated-measures analysis of variance and Student-Newman-Keuls post hoc paired comparisons. Under all conditions, baseline and postmethacholine PA O 2 were compared with paired Student's t-tests. sV low subregion analysis was performed with one-way analysis of variance. Data are presented as mean 6 SD, and statistical significance was accepted at P , 0.05. Statistical analysis was performed using SigmaPlot software (Systat Software, San Jose, CA).
Results

Subject Characteristics
All subjects had airway hyperresponsiveness and normal baseline lung function (Table 1) . Baseline supine lung function was not different between the two imaging visits, nor was the decrease in FEV 1 after methacholine different between the screening visit (seated) and the two imaging visits (supine) ( Table 2) . No significant arterial oxygen desaturation or increase in heart rate or systolic blood pressure occurred after methacholine under room air or 80% O 2 conditions, with one exception: diastolic blood pressure increased after methacholine (P , 0.05).
Regional Specific Ventilation: Effect of Methacholine and 80% O 2
After methacholine, regardless of whether under room air or 80% O 2 conditions, relative specific ventilation significantly decreased in the sV low region and increased in the sV high region (main effect, P , 0.001 for both conditions) (Figures 2A and 2B ). The sV low subregion analysis showed that under room air conditions, greater reductions in relative specific ventilation had lower estimated PA O 2 values, as expected ( Figure 2C ). Specifically, under room air, all subjects had at least one sV low subregion become hypoxic (PA O 2 , 83 mm Hg) after methacholine; the mean reduction in relative specific ventilation in those regions was 70.1 6 26.3%. Surprisingly, under 80% O 2 conditions, four of eight subjects also had at least one hypoxic sV low subregion; the mean reduction in relative specific ventilation in those hypoxic subregions was 97.1 6 2.9%.
Regional Perfusion: Effect of Methacholine and 80% O 2
Relative perfusion in the sV low and the sV high regions were both significantly affected by methacholine and by 80% O 2 (sV low main effect, P , 0.001 for methacholine, P , 0.05 for 80% O 2 ; sV high main effect, P , 0.001 for methacholine, P , 0.05 for 80% O 2 ) ( Figures 3A and 3B ). Pairwise comparisons showed that under room air conditions, relative perfusion in the sV low region decreased after methacholine ( Figure 3A ). Under 80% O 2 conditions, relative perfusion in the sV low region also decreased after methacholine, though the magnitude of the decrease was less ( Figure 3A ). In the sV high regions, methacholine and 80% O 2 also significantly affected perfusion (main effect, P , 0.001 for methacholine, P , 0.05 for 80% O 2 ) ( Figure 3B ). Perfusion in the sV high region increased after methacholine under both room air and 80% O 2 conditions. Again, the magnitude of the increase in relative perfusion in the sV high region was lower under 80% O 2 conditions than with room air.
In the subregion analysis ( Figure 3C ), the decrease in relative perfusion was greater under room air than with 80% O 2 conditions across all the subregions and was significant in the lowest two ventiles (ventile 1, P , 0.01; ventile 2, P , 0.05) (see Figure 1B , inset, for description of ventiles). Under room air conditions, the hypoxic subregions had an average reduction in perfusion of 33.5 6 15.7% (P , 0.001); subregions with a PA O 2 greater than 83 mm Hg had a reduction of 6.9 6 9.8%. Under 80% O 2 conditions, the hypoxic subregions (four subjects) had an average reduction in perfusion of 21.7 6 18.5% (P , 0.001). Under 80% O 2 conditions, in the hyperoxic subregions (estimated PA O 2 . 150 mm Hg), the average reduction in perfusion reduction was 12.1 6 8.3% (P , 0.001). Representative transverse images of regional perfusion under each condition with sV low and sV high regions outlined are included in Figure 4 .
Regional Lung Inflation: Effect of Methacholine and 80% O 2
The Fgas within the sV low region was significantly influenced by methacholine (main effect, P , 0.05) ( Figure 5A ), but not under 80% O 2 conditions. Specifically, pairwise comparisons showed that Fgas significantly increased after methacholine under room air conditions (P , 0.05) and not under 80% O 2 (P = 0.07). In the sV high region, Fgas was found to be significantly influenced by methacholine (main effect, P , 0.01) ( Figure 5B ). Pairwise comparisons in the sV low region showed that methacholine caused a significant decrease in relative Fgas under room air (P , 0.01) but a nonsignificant decrease under 80% O 2 (P = 0.07). Under room air, Definition of abbreviations: bpm = beats per minute; n.s. = not significant; RM ANOVA = repeated-measures analysis of variance.
Percentage predicted values were calculated on the basis of publication by Hankinson and colleagues (54).
*P , 0.01 significant difference between baseline and after methacholine using post hoc analysis. † P , 0.001 significant difference between baseline and after methacholine using post hoc analysis.
hypoxic subregions had an average increase in Fgas of 2.0 6 2.7% ( Figure 5C ). Under 80% O 2 , hypoxic subregions had an average increase in Fgas of 2.3 6 2.9%, and hyperoxic subregions had an Fgas increase of 1.2 6 1.1%.
To determine if regional differences in inflation as measured by relative Fgas independently contributed to the perfusion redistribution, forward stepwise regression was performed. The percentage changes in relative perfusion, specific ventilation, and Fgas in both the sV low and sV high regions under 80% O 2 conditions were included in the model. For this analysis, the 80% O 2 condition was used to reduce the impact of regional hypoxia, and PA O 2 was excluded from the analysis because it is derived from the specific ventilation and relative perfusion. The resulting model showed that 13% of the variance in the perfusion redistribution under 80% O 2 was attributable to changes in relative Fgas (percentage change in relative specific ventilation, DR 2 = 0.85, P , 0.001; percentage change in relative Fgas, DR 2 = 0.13, P , 0.001).
Effect of the Vertical Gradient and sV low Region Size
See the online supplement for detailed results regarding the effect of the vertical gradient ( Figure E4 ) and the sV low region size ( Figure E5 ). In summary, the vertical gradient and the sV low size did not significantly contribute to the change in relative perfusion independent of the change in relative specific ventilation.
Global Perfusion Redistribution
Methacholine caused a significant increase in the SD log 10 Q 
Discussion
Our results demonstrate that HPV is the primary but not the sole mechanism responsible for regional perfusion redistribution in bronchoconstricted patients with asthma. Specifically, when regional hypoxia was present in bronchoconstricted patients with asthma (breathing either room air or 80% O 2 ), perfusion decreased proportionally to the degree of regional hypoxia, as expected with HPV (39). However, when regional hypoxia was absent from hypoventilating lung regions, a degree of perfusion redistribution still occurred. We propose that this non-hypoxia-driven perfusion redistribution occurs as a result of mechanical or biological interactions between the constricted airway, vasculature, and surrounding parenchyma, leading to an increase in local vascular impedance. This non-hypoxia-driven perfusion redistribution may contribute to the difficulty in achieving adequate oxygenation in severely bronchoconstricted patients with asthma even when high concentrations of oxygen are inspired (8, 40, 41) .
Bronchoconstricted patients with asthma breathing room air had a 28.4% reduction of perfusion to hypoventilating lung and a corresponding 10.4% increase in perfusion to areas with well-maintained ventilation. This 28.4% overall reduction in perfusion is less than previous reports based The relative specific ventilation in the 25% of the lung with lowest specific ventilation, sV low region, decreased significantly after methacholine under both room air and 80% oxygen conditions. (B) Relative specific ventilation in the remaining lung with high specific ventilation, sV high region, was significantly increased after methacholine under both room air and 80% oxygen conditions. (C) The percentage change in relative specific ventilation after methacholine within the sV low subregions plotted against the predicted postmethacholine regional alveolar oxygen partial pressure (PA O 2 ) are plotted in gray for room air conditions and in black for 80% oxygen conditions. In A and B, the bold lines with error bars represent mean and SD values within each subregion. In C, the bold black and solid gray lines with large closed circles represent mean values. Under room air conditions, the majority of subjects and subregions were hypoxic (PA O 2 , 83 mm Hg). Under 80% oxygen conditions, the lowest-ventilating subregions in four of eight subjects had a PA O 2 less than 83 mm Hg. sV = relative specific ventilation. on animal studies, in which reductions of 50 to 65% were reported in lobe-sized regions (11, 12) . However, the subregion analysis revealed that under room air conditions, the subsegment with the lowest PA O 2 (ventile 1, the 5% of lung volume with lowest ventilation) ( Figure 1B, inset) had an average reduction in perfusion after methacholine of 42 6 15% with regional PA O 2 of 51 6 10 mm Hg, with three subjects having perfusion reductions between 50 and 63% (PA O 2 , 46 6 4 mm Hg) ( Figure 3C ). Reductions in regional perfusion to this degree are equivalent to those maximal perfusion redistributions previously reported (11, 12) . It follows that regional hypoventilation in bronchoconstricted patients with asthma can result in severe reductions in regional perfusion, even when the degree of bronchoconstriction would not be considered serious or life threatening and no arterial desaturation manifests (Table 2 ).
In these same bronchoconstricted patients with asthma, perfusion redistribution when breathing 80% O 2 persisted, albeit to a lesser degree. Specifically, within hypoventilating areas, the average reduction in perfusion was 15.1%, and within well-maintained ventilation areas, the average increase in perfusion was 5.5%. Under 80% O 2 conditions, the subregion analysis indicated that two factors contributed to the continued perfusion redistribution. The first was that regional hypoxia still developed in some low-ventilating subregions. A portion of the overall 15.1% reduction in perfusion in hypoventilating lung is therefore likely due to HPV. Within lung regions that were both hypoventilating and hypoxic under 80% O 2 conditions (PA O 2 , 83 mm Hg), the reduction in perfusion was 25.6 6 15.9%. However, some perfusion redistribution occurred even when the hypoventilating lung regions were hyperoxic. We found that under 80% O 2 conditions, the decrease in perfusion in regions that were hypoventilating and hyperoxic (PA O 2 . 150 mm Hg) was 10.9 6 5.9% (P , 0.001). On the basis of elevated PA O 2 in these regions (mean PA O 2 , 426 6 89 mm Hg), this reduction in perfusion cannot be the result of regional HPV; another factor must be responsible. To explain the perfusion redistribution within hypoventilating, hyperoxic lung regions, we propose that in subjects with asthma, bronchoconstriction itself can lead to increased regional vascular impedance and thereby reduce regional perfusion.
Bronchoconstriction may cause local increases in vascular impedance in a variety of ways. The first possible mechanism is that bronchoconstriction-induced regional hypoventilation subsequently leads to regional hyperinflation, which, similar to West's zone 1 (25) , compresses the pulmonary vasculature, decreasing local blood flow. Indeed, hypoventilating, hyperoxic lung regions had an increase in Fgas of 1.2 6 1.1%, and the percentage change in relative Fgas did explain 13% of the variance in the perfusion redistribution under 80% O 2 conditions. Together, these results seem to support hyperinflation as a mechanism for some degree of perfusion redistribution. However, because blood volume is a component of the Fgas measurement, these results may reflect the underlying changes in regional perfusion and not true alterations in regional lung The mean relative perfusion in the lowest quartile of ventilating lung (sV low ) at baseline and after methacholine under both room air and 80% oxygen conditions. During room air, perfusion in the sV low region significantly decreased after methacholine. The same effect was seen under 80% oxygen, but to a lesser degree. (B) The perfusion in the median and highest quartiles of ventilating lung (sV high ) increased after methacholine under both room air and 80% oxygen conditions. The postmethacholine perfusion in the sV high regions was greater under room air conditions than with 80% oxygen. (C) The percentage change in relative perfusion after methacholine within the sV low subregions plotted against the predicted postmethacholine regional alveolar oxygen partial pressure (PA O 2 ) are plotted in gray for room air conditions and in black for 80% oxygen conditions. In A and B, the bold lines with error bars represent mean and SD values within each subregion. In C, the bold black and solid gray lines with large closed circles represent mean values. Under room air conditions, in the hypoxic subregions (PA O 2 , 83 mm Hg), the average reduction in perfusion was 33.5 6 15.7%. Under 80% oxygen conditions, the hypoxic subregions had an average reduction in perfusion of 21.7 6 18.5%. In the hyperoxic regions (PA O 2 . 150 mm Hg), the reduction in perfusion was 12.2 6 8.3%. The lowest ventilating subregions had a significantly greater reduction in perfusion under room air than with 80% oxygen conditions. Q : = mean relative perfusion.
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Relative Perfusion S1 Post Methacholine Figure 4 . Representative images of regional perfusion. Representative transverse images of relative perfusion at baseline and after methacholine under room air and 80% oxygen conditions in each of the eight subjects (one subject per row, S1-S8). Brighter colors, white and yellow, represent higher relative perfusion. Darker colors, red and black, represent lower relative perfusion. Outlined regions represent the boundary of the lowest quartile of ventilating lung (sV low ) regions in each image. The lung outside the sV low boundaries is the median and highest quartiles of ventilating lung, sV high lung region. In many cases, relative perfusion is dramatically lower within the sV low region after methacholine under room air conditions than under 80% oxygen, in particular S2 and S5. Furthermore, in many slices, the areas of lower relative perfusion are clearly demarcated within the sV low region (see room air postmethacholine slices for S2, S5, S6, and S8).
inflation. Furthermore, 1 to 2% increases in Fgas due to hyperinflation seem unlikely to increase local pulmonary vascular resistance enough to cause a greater than 10% decrease in perfusion. However, because tissue and blood volume cannot be separated from the Fgas measurement, we cannot categorically exclude regional hyperinflation as a potential contributing factor to the persistent perfusion redistribution under 80% O 2 conditions. The second possibility is that methacholine directly causes vascular smooth muscle constriction in these hypoventilating regions (42) . However, work by Perez and Sanderson (43, 44) demonstrated that airway smooth muscle contraction and relaxation with acetylcholine (a natural form of methacholine) did not result in any constriction or relaxation of the arterioles (44) . Therefore, direct effects of methacholine on vascular smooth muscle are unlikely to contribute to the regional perfusion redistribution we report. However, we cannot discount the possibility of an indirect effect of bronchoconstriction on endothelial constriction via an as yet unknown cell signaling pathway.
The third possibility is that a bronchoconstricted airway may directly alter the geometry of adjacent blood vessels such that vascular impedance increases. Recent theoretical and experimental studies show that bronchoconstriction can alter both the peribronchial alveolar geometry (45) and/or cause direct translocation of the nearby pulmonary vasculature (see online video in publication by Hiorns and colleagues [46] ). Either of these alterations could increase local vascular impedance by changing the vessel lumen cross-sectional shape (decreasing the vessel hydraulic diameter), increasing vascular length, or increasing the vessel branching angles. In summary, we propose that the non-hypoxiarelated perfusion redistribution may be the result of local hyperinflation, unidentified cell signaling, and/or changes to the local vascular geometry as a result of interactions between the bronchoconstricted airways and the surrounding mechanical environment. Further studies are warranted to investigate the underlying mechanisms for this non-hypoxia-driven perfusion redistribution.
Both the overall results and the subregion analysis indicate that the decrease in ventilation after methacholine was not different under room air and 80% O 2 conditions. It follows that differences in the degree of hypoventilation cannot explain the differences in the degree of perfusion redistribution under room air and 80% O 2 conditions. In contrast, methacholine caused a significant increase in Fgas under room air and a nonsignificant increase under 80% O 2 conditions. However, as described earlier, because blood volume/perfusion are components of the Fgas measurement, these Fgas differences do not necessarily indicate that regional hyperinflation was greater under room air than with 80% O 2 .
The global changes in the V : =Q : distribution witnessed in our study are similar to those demonstrated previously using the multiple inert gas elimination technique (MIGET) (10, 14, 15, (47) (48) (49) . These MIGET studies showed increased perfusion heterogeneity, SD Q :
), of between 30 and 100% (acute or chronic severe asthma) when breathing hyperoxic gas compared with room air (14, 15 changes are the result of a regional redistribution of perfusion from hypoventilating lung to well-ventilated lung, as predicted by Ballester and colleagues (14, 15) and Harris and colleagues (6) . Vertical Gradient, sV low Region Size, and Perfusion Redistribution Contrary to our hypothesis, neither the vertical gradient nor the size of the lowventilating region had an independent effect on the degree of perfusion redistribution. In relation to the vertical gradient, this is most likely because the pulmonary arterial pressure, including any vertical pressure gradient, was never large enough to overcome the activated vascular smooth muscle force. The lack of an effect of the hypoventilating region size may be because the previous work in dogs included hypoxic regions were lobe sized or larger (11, 12) . In our study, the individual hypoventilating regions were almost all lobe sized or smaller. However, there was one exception, subject 7, who had a large FEV 1 drop after methacholine (approximately 50% under both conditions), and a large extent (.20%) of extremely hypoventilating lung was also in the subject found to have a relatively low degree of perfusion redistribution ( Figure 3 ).
Methodological Considerations
One source of potential experimental error comes from the mapping function that assumes an isometric lung volume change to translocate sV low regions between images.
Tests performed on the mapping function found the potential error to be 6.4 mm (1.2 voxels in x and y; 3.1 voxels in z). Given that the sV low regions are large and contiguous (Figure 2 ), any mapping errors are likely to affect the perimeter voxels of the sV low regions. The effect of the potential error in the mapping function on the average percentage change in perfusion was found to be 3.8 6 2.6% (see online supplement); therefore, any errors in mapping are unlikely to significantly contribute to the overall perfusion redistributions we report.
The two most important assumptions made to estimate the regional PA O 2 are the cardiac output and the arteriovenous oxygen difference (see online supplement for complete list). The arteriovenous oxygen difference was assumed to be 4 ml/100 ml of blood (50) . In addition, the estimated cardiac output for each subject was used to predict the regional PA O 2 under all conditions. Therefore, if the cardiac output of the subject changed after methacholine or between study visits, the PA O 2 estimates would be inaccurate. Studies show that cardiac output may increase after bronchoconstriction secondary to arterial hypoxemia and/or lung hyperinflation (51, 52) . However, arterial hypoxemia and hyperinflation were not systematic findings in this study; therefore, our model assumptions are likely valid.
Clinical Implications
For patients with asthma, the existence of a mechanism that reduces perfusion to hypoventilating lung regions without the presence of hypoxia may be beneficial in some cases and disadvantageous in others. With mild bronchoconstriction and subsequent regional mild hypoxia, such a mechanism may act to maintain V : =Q : matching and arterial oxygenation when HPV is not activated; this perfusion distribution would therefore be beneficial. However, in moderate to severe bronchoconstriction, where both normoxic and hyperoxic regions of hypoventilation develop, this mechanism will reduce perfusion to regions that are normoxic, which will further reduce the total oxygen uptake of the lungs and increase the susceptibility of the subject to arterial hypoxemia. Taken together with our finding that regional hypoxia can persist even when hyperoxic gas is delivered, these data may help to explain why many severely bronchoconstricted subjects with asthma fail to achieve normoxemia with supplemental oxygen (8, 40, 41) and why gas exchange and airway obstruction are poorly correlated (53) .
Conclusions
We have shown that long-established alterations in whole-lung V : =Q : after bronchoconstriction in subjects with asthma (49), with and without supplemental oxygen (8, 10, 14, 15, 49) , result from regional perfusion redistribution. The degree of perfusion redistribution was not clearly dependent on the size or the position of the hypoventilating regions relative to the vertical gradient in perfusion. Specifically, perfusion shifts away from low-ventilating lung regions into regions with wellmaintained ventilation predominantly via HPV but also via a secondary mechanism that does not require regional hypoxia. We propose that this secondary nonhypoxia mechanism may be due to local hyperinflation and/or mechanical or cellular interactions between the bronchoconstricted airway and the surrounding parenchyma and pulmonary vasculature. n Author disclosures are available with the text of this article at www.atsjournals.org.
